ABSTRACT: Isocupressic acid (ICA) is the abortifacient compound in ponderosa pine (Pinus ponderosa L.) needles, which can cause late-term abortions in cattle (Bos taurus). However, cattle rapidly metabolize ICA to agathic acid (AGA) and subsequent metabolites. When pine needles are dosed orally to cattle, no ICA is detected in their serum, whereas AGA is readily detected. Recent research has demonstrated that AGA is also an abortifacient compound in cattle. The observation has been made that when cattle are dosed with labdane acids for an extended time, the concentration of AGA in serum increases for 1 to 2 d but then decreases to baseline after 5 to 6 d even though they are still being dosed twice daily. Therefore, in this study we investigated whether cattle conditioned to pine needles metabolize ICA, and its metabolites, faster than naïve cattle. Agathic acid was readily detected in the serum of naïve cattle fed ponderosa pine needles, whereas very little AGA was detected in the serum of cattle conditioned to pine needles. We also compared the metabolism of ICA in vitro using rumen cultures from pine-needle-conditioned and naïve cattle. In the rumen cultures from conditioned cattle, AGA concentrations were dramatically less than rumen cultures from naïve cattle. Thus, an adaptation occurs to cattle conditioned to pine needles such that the metabolism AGA by the rumen microfl ora is altered.
INTRODUCTION
Ponderosa pine needles are known to induce abortion in cows when consumed during the last trimester of pregnancy (Gardner et al., 1999a; Welch et al., 2009) . The toxin in the needles that induces abortions in cattle is the labdane resin acid isocupressic acid (ICA; Figure 1; Gardner et al., 1994) . Pine needles also contain lesser amounts of other related labdane acids, including agathic acid (AGA), imbricatoloic acid (IMB), and dihydroagathic acid (DHAA), which may also be abortifacient. Recent reports indicate that the bark of Utah juniper [Juniperus osteosperma (Torr.) Little] and Western juniper (Juniperus occidentalis Hook.) will induce abortions in cattle (Gardner et al., 2010; Welch et al., 2011) . Interestingly, both of these juniper species contain increased concentrations of AGA with almost no ICA, which suggests that AGA is also abortifacient in cattle.
Even though ICA is the abortifacient compound in pine needles, studies have shown that ICA is rapidly metabolized in cattle (Gardner et al., 1997; Lin et al., 1998) . After intravenous administration, very little ICA was detected in serum, whereas AGA was identifi ed as the major metabolite with minor amounts of DHAA (Gardner et al., 1999b) . After oral administration, no ICA was detected in serum and DHAA was identifi ed as the major metabolite with minor amounts of AGA, IMB, and tetrahydroagathic acid (THAA; Gardner et al., 1999b) . Our current hypothesis is that ICA is metabolized to AGA, which is in turn metabolized to DHAA, and subsequently to THAA.
Interestingly, the observation was made that AGA decreased in the serum of pregnant cattle dosed twice daily with bark from western juniper trees for 10 d (Welch et al., 2011) . This research suggested that extended exposure of cattle to labdane acids resulted in altered metabolism and/or elimination of these com-pounds. The objective of this study was to determine if cattle conditioned to pine needles metabolize labdane resin acids differently than naïve cattle.
MATERIALS AND METHODS
All protocols for animals used in this research were performed under veterinary supervision and reviewed and approved by the Institutional Animal Care and Use Committee, Utah State University, Logan, Utah.
Plant Material
Ponderosa pine needles were collected in December of 2008 near Custer, SD (N 43°43.257' W 103°37.509'). The needles were allowed to dry at ambient temperature and then stored intact in bags in an open shed at ambient temperature until treatment. Before treatment, enough plant material for 2 d of treatments was ground to pass a 2-mm screen and stored in a plastic bag in the dark at 4°C until used. The pine needles contained 1.2% ICA on a dry weight basis as well as minor amounts of IMB, DHAA, and several triterpenoid acids (Figure 2 ).
Animals: Serum Kinetics
Four nonpregnant Angus cows (mean ± SD weight, 422 ± 26 kg) were fed alfalfa (Medicago sativa subsp. sativa) and grass hay and a dietary mineral supplement and housed in outdoor paddocks. A water and plant slurry of ground pine needles (5.0 g/kg) were administered via stomach tube directly into the rumen. This corresponded to a dose of 60 mg ICA/kg BW. Blood samples (5 mL) were collected via the jugular vein at 0, 4, 8, 12, 16, 24, 28, 32, 36, 48 , and 52 h after dosing. Five days after the fi rst dosing, the cows were conditioned to pine needles by administering 2.3 kg of ground pine needles (65 mg ICA / kg BW) twice each day (morning and afternoon) via stomach tube for 7 d. During conditioning, blood (5 mL) was collected twice daily immediately before each conditioning dose. The morning after the last conditioning dose, another dose of 5.0 g of ground pine needles per kilogram BW was administered to the cows, and blood samples (5 mL) were collected at 0, 4, 8, 12, 16, 24, 28, 32, 36, 48 , and 52 h after dosing.
Serum Analysis
Blood samples were allowed to clot at room temperature for 30 min and then centrifuged at 1700 × g for 20 min at room temperature to separate the serum from the cellular fractions. The serum was removed and stored in plastic vials at -20°C until analysis. A 1.0-mL aliquot of serum was taken and placed into a 7-mL screw-cap vial. A saturated KH 2 PO 4 solution (1 mL) was added, and the sample was extracted twice with 2 mL CHCl 3 for 5 min each. The tubes were centrifuged at 2500 × g for 20 min at room temperature to aid layer separation, and the bottom layer was removed and fi ltered through anhydrous Na 2 SO 4 . The solvent was removed by evaporation under N 2 at 70°C. Samples were derivatized (silylated) and prepared for gas chromatography/mass sspectrometry (GC/ MS) analysis by adding 0.25 mL of pyridine containing 40 μg/mL of heptadecanoic acid (as an internal standard) and 50 μL of N,O-Bis(trimethylsilyl)trifl uoroacetamide (BSTFA) silylation reagent (Sigma-Aldrich, St. Louis, MO). Samples were heated at 60°C for 30 min before injection of 1.5 μL of sample and analysis by GC/MS, as described previously (Gardner et al., 1999b) . Specifi c metabolites included IMB, AGA, DHAA, and THAA. Peak areas were measured from selected ion chromatograms for each metabolite for comparison between samples: heptadecanoic acid (C17; m/z 129, 327, 345); ICA (m/z 241, 256); AGA (m/z 253, 346), DHAA (m/z 362, 465) and THAA (m/z 364, 467). Concentration (μg/mL) of metabolites was calculated by area response ratio (analyte peak area/internal standard peak area) × 33 μg/mL (C17 concentration) × 0.300 mL (sample volume)/1.0 mL (sera volume). It is noted that the reported concentration values are not absolute for the different metabolites but are relative to an unknown detector response versus the internal standard.
In Vitro Rumen Metabolism of ICA
Rumen fl uid inoculums were collected from 4 naïve cattle (cattle that had been fed the normal alfalfa-grass hay and mineral supplement) and 4 conditioned cattle. Cattle were conditioned to pine needles by administering 2.3 kg of ground pine needles (65 mg ICA/kg BW) as a water/ plant slurry twice each day (morning and afternoon) via stomach tube for 7 d (these cows were also allowed access to alfalfa-grass hay and the mineral supplement).
Rumen fl uid inoculums were collected by reverse pumping through a stomach tube, and fi ltered through cheesecloth. A 20-mL aliquot of rumen fl uid was added to 80 mL of McDougal's buffer (117 mM NaHCO 3 , 260 mM Na 2 PO 4 , 7.7 mM KCl, 8 mM NaCl, 0.5 mM MgSO 4 , and 0.4 mM CaCl 2 ) at 39°C maintained under anaerobic conditions by CO 2 suffusion. For each the naïve and conditioned rumen samples, 10 mg of an isocupressic acid/hay mixture (0.1 g of ICA/g of hay) was placed into 10 individual 10-mL screw cap test tubes and 5-mL aliquots of the rumen fl uid inoculums was added. The tubes were capped with Bunsen type valves and incubated for 52 h. At 0, 1, 4, 8, 24, 28, 32, 48 , and 52 h a tube was removed and the rumen preparations were frozen until analysis. Each 5-mL rumen sample was acidifi ed by the addition by 8 drops (Pasteur pipet) of 6 M HCl then extracted twice with 2 mL CHCl 3 , the extracts were combined and fi ltered through anhydrous Na 2 SO 4 , and the solvent was removed by evaporation under N 2 at 60°C. The sample was derivatized by adding 0.2 mL of pyridine (with 200 μg of heptadecanoic acid as an internal standard) and 50 μL of BSTFA silylation reagent and heating the sample for 30 min at 60°C. The sample was diluted with 0.8 mL of CHCl 3 , and 1.5 μL was injected for GC/MS analysis. The GC/MS was performed using a GCQ (Finnigan Corp., Waltham, MA) equipped with a DB-5ms column (30 m to 0.25 mm i.d., J&W Scientifi c, Folsom, CA). Carrier gas was helium with a constant fl ow (40 cm/s). Samples (1.5 μL) were injected splitless (250°C), and the column temperature was programmed as follows: 100°C for 1 min, 100 to 200°C at 40°/min; 200 to 300°C at 5°/min; 300°C for 5 min. The heated transfer line was at 275°C, and the ion source temperature was 150°C. Electron impact (70 eV) spectra were recorded for the mass range of m/z 50-650 at a scan rate of 0.5 s/scan.
Analysis and Statistics
Data are presented as mean ± SD. Data were plotted using SigmaPlot 9.0 and statistical comparisons were made using SigmaStat 3.1 (SPSS Inc., Richmond, CA). Statistical comparisons between groups were performed by 2-way ANOVA with a Bonferroni post-hoc test of signifi cance between individual groups. Differences were considered signifi cant at P < 0.05.
RESULTS
No ICA was detected in the sera of naïve or conditioned cattle after oral administration of ground pine needles, equivalent to 60 mg ICA/kg BW (Figure 3 ). However, AGA was readily detected in the sera from naïve cattle with a maximum concentration observed at 12 h post dosing (Figure 3 ). Serum AGA concentrations increased during the fi rst day of conditioning, after which there was a steady decline to baseline by d 5 of conditioning (Figure 4) . When the kinetic analysis was performed in pine-needle conditioned cattle, AGA was only detected in the serum of the conditioned cattle at 4 h (Figure 3 ). The concentration of AGA was 0.04 ± 0.07 ng/mL at 4 h and below the limit of detection at all subsequent time points. There was a significant interaction between treatment and time (P < 0.001), with differences between the concentration of AGA in the sera of naïve versus conditioned cattle at 4, 8, 12, 16, and 24 h. The concentrations of DHAA and THAA were both greater (P < 0.001) in the sera of conditioned cattle versus the naïve cattle ( Figure 5 ). There was a signifi cant interaction between treatment and time (P = 0.042) for both DHAA and THAA, with differences between the concentration of both compounds in the sera of naïve versus conditioned cattle at every time point except for 12 h.
Rumen fl uid was collected from naïve and pineneedle-conditioned cattle to compare the metabolism of ICA by their respective rumen microfl ora. There was no difference (P = 0.13) in the metabolism of ICA in rumen cultures from naïve cows versus the rumen cultures from pine-needle-conditioned cows ( Figure 6 ). However, there was a dramatic difference (P < 0.001) in the concentration of AGA (Figure 7 ). In the rumen cultures from naïve cattle, AGA was detected at 8 h and continued to increase in concentration to 52 h. However, no AGA was detected in the rumen cultures from conditioned cattle, suggesting that conditioning had altered the metabolism of AGA by the rumen microfl ora. There was a signifi cant interaction between treatment and time (P < 0.001), with differences between the concentration of AGA in the rumen fl uid from naïve versus conditioned cattle at 24, 28, 32, 48, and 52 h. There was no difference (P = 0.992) in the concentration of DHAA in the rumen cultures from naïve and conditioned cows; however, THAA was more abundant (P < 0.001) in the rumen cultures from conditioned cows (Figure 8 ). There was not a signifi cant interaction between treatment and time (P = 0.999) for THAA.
DISCUSSION
It is thought that intake and even tolerance to plant toxins is regulated by mechanisms that reduce absorption and increase detoxifi cation of the toxins (Sorensen et al., 2006) . The mechanism by which animals process ingested toxins can be described by the parameters of absorption, distribution, biotransformation, and elimination (Shargel and Yu, 1993) . Tolerance to a particular toxin is maximized in species, or individuals within a species, that possess mechanisms to minimize absorption and distribution and/ or maximize biotransformation and elimination of the toxin (Klaassen, 2001) . The results from this study indicate that cattle conditioned to pine needles metabolize labdane acids differently, effectively reducing the amount of AGA that can be absorbed from the GI tract into the systemic blood circulation. Accordingly, very little AGA was detected in the serum of conditioned cattle, whereas there was an increased concentration of DHAA and THAA, metabolites of AGA.
Although the intake of plants, or tolerance to plant secondary compounds, is regulated by mechanisms that reduce absorption and increase detoxifi cation of the plant secondary compounds (Sorensen et al., 2006) , diet will likely affect the amount of plant material that cattle will consume. Many plants contain compounds, such as terpenes, which can limit the intake of the plant (Ngugi et al., 1995) . However, sheep fed a high protein supplement have been shown to have an increased intake of terpene-containing plants such as sagebrush (Artemisia spp.; Villalba et al., 2002) . Similarly, Pfi ster et al. (2008) demonstrated that cattle fed a high protein diet will consume more pine needles. They hypothesize that a high-protein diet may be an important factor in the ability of cattle to tolerate the terpenes in pine needles.
The rumen contains a consortium of microbes that perform several functions vital to the well-being of the host animal, including degradation of toxic components of the diet (Smith, 1992) . Although specifi c microbial species specialize in the metabolism of different substrates, it is not surprising that changing the diet will alter the rumen microfl ora. For example, it is well known that abruptly changing the diet of a ruminant from hay to grain concentrates will cause indigestion. However, if the diet is slowly changed, the rumen microfl ora have time to adjust and the animals typically do not have problems digesting the newer feed. Similar principles may apply to the degradation, or processing, of some toxic components in the diet. For example, halogeton [Halogeton glomeratus (M. Bieb.) C. Meyer] has caused devastating losses to sheep (Ovis aries) within hours of acute exposure to hungry animals (Cook and Stoddart, 1953) . Soluble oxalates are the toxic components of halogeton. Sheep, however, can adjust to increased amounts of oxalates in their diets if they are slowly exposed to halogeton, because microbial conversion of oxalates to carbonates increases as the ruminal microfl ora adapt (Burrows and Tyrl, 2001) . Studies have shown that gradual change in diet from alfalfa to halogeton over a 3-to 4-d period results in a 10-fold increase in oxalate metabolism by rumen microbes (Allison et al., 1977) . Consequently, the major risk with halogeton is that of abrupt exposure to hungry sheep before the rumen microfl ora have time to adapt (Burrows and Tyrl, 2001) . Evidence is presented in this study that conditioning of cattle to pine needles caused an alteration to the rumen metabolism such that AGA does not accumulate.
In addition to ruminal adaptations, hepatic changes can also occur which can provide additional protection to the individual from toxin exposures. Gardner et al. (1999b) demonstrated that ICA is also rapidly metabolized to AGA in the liver. Metabolism of ICA was shown to occur when ICA was incubated with either a liver homogenate or with a microsomal supernatant fraction, but not when ICA was incubated with liver microsomal fraction. In the current study, no analyses were made to determine if conditioning cattle to pine needles caused any hepatic changes that would enhance labdane acid metabolism. The impact of conditioning of cattle to pine needles on hepatic metabolism of labdane acids will be addressed in future studies. The results of this study support earlier fi ndings that no ICA was detected in serum of cattle after oral administration of ICA, (Gardner et al., 1999b) . The fact that very little ICA is detected in the serum of cattle dosed intravenously with ICA (Gardner et al., 1999b) , suggests that, in addition to metabolism of ICA by rumen microfl ora, that ICA is also quickly metabolized once absorbed into circulation, perhaps by hepatic enzymes (Gardner et al., 1999b) . Our current hypothesis is that ICA is metabolized to AGA which is in turn metabolized to DHAA and subsequently THAA.
Although it might appear that conditioning of cattle to pine needles could be used as a potential management tool to reduce pine-needle-induced abortions, there are some concerns that would fi rst need to be addressed. The logistics of conditioning grazing cattle would be problematic. Further, it is not known how much plant material is needed to induce the rumen microfl ora adaptation. Conditioning of pregnant cattle with pine needles would likely have a narrow margin of safety wherein rumen adaptation would occur but not initiate abortions. Previous studies have shown that a dose of approximately 100 mg ICA/kg BW administered twice daily was required to consistently initiate abortions in cattle, whereas a dose of 66 mg ICA/kg BW administered twice daily had no effect (Gardner et al., 1994) . If these results are consistent for all breeds of cattle, then the dose given in this study (an average dose of 64 mg ICA/kg BW administered twice daily) should not initiate an abortion, whereas it should cause an adaptation in the rumen microfl ora. However, in a range setting it would be diffi cult to titrate the dose that closely.
Another concern in using conditioning as a potential management tool is that we do not know if the metabolites of ICA and AGA are abortifacient. We know that ICA is abortifacient (Gardner et al., 1994 (Gardner et al., , 1996 ; however, we do not know the mechanism by which ICA causes the abortion to occur. The treatment of cows with ponderosa pine needles results in the vasoconstriction of the caruncular arteries, decreasing uterine blood fl ow (Christenson et al., , 1993 Ford et al., 1992) . However, ICA itself has not been found to be a vasoconstrictive compound (Short et al., 1996) . Consequently the compound that causes vasoconstriction of the caruncular arteries is not known. If the vasoactive compound is a metabolite of ICA and AGA, then increasing the metabolism of ICA and AGA could exacerbate the abortifacient potential of ponderosa pine needles. Further research needs to be done to determine if the metabolites of AGA are abortifacient.
In summary, the results presented in this study demonstrate that cattle conditioned to ponderosa pine needles can more effi ciently metabolize the abortifacient compound AGA than naïve cattle. These results suggest that extended exposure of cattle to labdane acids results in a physiological change in the cattle such that the known abortifacient compounds in ponderosa pine needles and juniper bark are metabolized more quickly. The physiological adaptation appears to be an alteration in the ability of rumen microfl ora to metabolize AGA. Further research is necessary to determine if conditioning cattle to pine needles can be used as a potential management tool to prevent or reduce pine needle-induced abortions.
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